THE SINGLE LAYER OF RAPIDLY renewing intestinal epithelial cells lining the gastrointestinal tract provides a physical barrier between potentially harmful digestive contents and the body's interior (47, 48) . Damage to this barrier may result from normal digestive processes or injury during inflammation. The intestinal epithelium possesses an innate ability to reseal wounds. This process consists of 1) restitution, identified by stages of cell spreading and migration into the wound, 2) proliferation to repopulate the denuded surface, and 3) differentiation of epithelial cells into a polarized monolayer (32, 37, 40, 45) . Restitution occurs within minutes to hours after injury and is therefore minimally influenced by proliferation (32, 42) . This inherent ability to migrate across the injured mucosa, a process we classify as basal restitution, can be increased in vitro by multiple growth factors including transforming growth factor (TGF)-␤1, epidermal growth factor (EGF), trefoil factor (4, 12, 15, 41, 45) and, as we have shown, the chemokines CXCL12 and CCL20 (1, 43, 56, 61) . Restitution occurs along the exposed and newly deposited basement membrane (32, 45) and requires dynamic cellular adhesion and cytoskeletal remodeling within the moving enterocyte (10, 39, 44, 50) .
Epithelial cells are anchored to the basement membrane via a unique, highly specialized meshwork primarily composed of the extracellular matrix (ECM) proteins laminin, collagen IV, nidogen, and perlecan (67) . Stromal ECM proteins are recognized and bound by integrin proteins localized within the epithelial cell membrane. Integrin functions reflect spatial and temporal regulation between active and inactive protein conformations. Integrin receptor specificity for ECM ligand is determined by the ␣-and ␤-subunit composition of the heterodimeric protein (26, 27) . Integrin expression within the intestinal epithelium has been shown to vary, depending on cell maturity, differentiation, and position along the crypt-villus axis (2, 3, 6, 8, 14, 19, 36) . Mirroring the differential integrin expression by epithelial cells, the underlying basement membrane components deposited by the epithelium and stromal fibroblasts show distinct gradients along the crypt-villus axis (6, 7, 36, 46, 55, 57) . The coordinated and parallel expression pattern of ECM-ligand with integrin-receptor suggests the ordered use of different ligand-receptor pairs as epithelial cells migrate along from the crypt to villus apex. In vitro, basal restitution and cell adhesion are enhanced by the presence of ECM proteins, with collagen isoforms promoting the highest migration and adhesion followed by laminin and fibronectin (4) . Furthermore, the intrinsic migration potential inherent to restitution is increased when intestinal epithelial cells are cultured on laminin (1) . Together, these data support a model in which ECM proteins regulate migration through outside-in integrin signaling. Although an abundance of data indicate that extracellular stimulants enhance epithelial migration (1, 4, 12, 15, 41, 43, 45, 56, 61) , roles for those effectors in inside-out regulation of integrins and cell-matrix interactions during restitution remain poorly characterized.
Chemokines have established roles in immune cell trafficking during inflammation and directing circulating immune cells to tissue sites of infection. Chemokines accumulate on glycosaminoglycans along the endothelial surface, resulting in activation of lymphocyte integrins, leading to stable adhesion, cell spreading, and eventually diapedesis of these cells (65) . Intracellular signal transduction elicited by nonintegrin extracellular mediators can result in integrin activation. This type of integrin activation is termed inside-out activation (21) . Stimulation with CXCL12, as well as other chemokines, has been shown to activate multiple diverse integrin heterodimers (25, 29, 53, 54) . Inside-out integrin activation uses the potent second messenger calcium and the downstream small GTPase effector Rap1 to transduce the intracellular signal into a conformational change of the receptor to a high-affinity state (9, 13, 24, 29, 54) . Chemokine receptors are not restricted to hematopoietic cells and are expressed by intestinal epithelial cells (18) . We have previously verified that restitution of model intestinal epithelia is increased on laminin, a migration pattern that was further enhanced following stimulation with CXCL12, but not TGF-␤1 (1). In addition, CXCL12-induced migration was dependent on intracellular calcium (1) . CXCL12 stimulation enhances basal restitution and therefore could be a potential therapeutic for intestinal wound repair. However, the mechanism detailing how laminin and CXCL12 work together during restitution remains undefined. We hypothesized that laminin-specific integrins on the intestinal epithelial cell surface are activated by CXCL12 during restitution. We found that CXCL12 activated epithelial cell surface ␤1-integrins and evoked laminin-specific integrin-mediated adhesion and spreading. Chelation of intracellular calcium blocked CXCL12-laminin-specific cell adhesion and spreading. Lastly, depletion of laminin integrins-␣3 and -␣6 differentially regulated chemokine-evoked cell spreading and migration. These data establish for the first time that the extracellular ligand CXCL12 orchestrates enhanced enterocyte restitution through inside-out activation of defined lamininspecific integrins.
MATERIALS AND METHODS

Materials.
Purified laminin and collagen IV were obtained from Sigma (St. Louis, MO) and R&D Systems (Minneapolis, MN), respectively. Recombinant human CXCL12 was produced and purified from Escherichia coli, as previously defined (60) . TGF-␤1 was from R&D Systems, whereas EGF was purchased from Calbiochem (San Diego, CA). The cell-permeant dye calcein-AM was obtained from Invitrogen (Carlsbad, CA). BAPTA-AM was purchased from Sigma. Mouse antibodies specific for ␣3-integrin (CD49c) or ␤1-integrin (CD29), as well as rat IgG2a, were obtained from BD Transduction Laboratories (Bedford, MA). Antibodies against ␣6-integrin (CD49f), TGF-␤ receptor 1 (TGF␤R1) and GAPDH were purchased from Cell Signaling (Danvers, MA). A polyclonal antibody specific for CXCR4 (PC390) was obtained from Calbiochem. Antibodies specific for ␣1-and ␤4-integrins, CD49a and CD104, respectively, were acquired from Abcam (Cambridge, MA) and Bioworld Technology (St. Louis Park, MN). Purified hamster anti-rat ␤1-integrin and hamster IgM, as well as phycoerythrin-conjugated anti human active-␤1-integrin (clone HUTS-21) (35) and mouse IgG2a isotype, were purchased from BD Pharmingen (San Diego, CA). The rat anti human ␣6-integrin functional blocking antibody GoH3 was purchased from Millipore (Temecula, CA).
Cell culture. The nontransformed rat small intestinal epithelial cell line IEC-6 was purchased and maintained as previously described (1, 56) . The human colonic carcinoma cell line Caco2 subclone BBe (Caco2-BBe) was a kind gift from Dr. Jerrold Turner (University of Chicago) and was maintained in DMEM (4 g/l glucose) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Omega Scientific, Tarzana, CA), 2 mM L-glutamine, and 15 mM HEPES (Invitrogen). Cells were cultured at 37°C in a 5% CO2 atmosphere.
ECMs. Tissue culture dishes were coated with 10 g/ml of laminin or collagen-IV. ECM proteins diluted in divalent cation containing PBS (PBSϩϩ) were added to tissue culture dishes incubated 2 h at 37°C, washed with PBSϩϩ, blocked with 1% (wt/vol) BSA for 30 min at 37°C, and washed twice with PBSϩϩ. Plates were used immediately or stored overnight at 4°C.
Cell adhesion assay. Approximately 2 ϫ 10 6 IEC-6 cells were cultured for 24 h in 10-cm dishes. The medium was removed and exchanged for serum-free media for 24 h. The cells were incubated with a calcein-AM/PBSϩϩ solution for 20 min at 37°C to load the fluorescent dye into the cells. The calcein-AM solution was removed, and the cells were released from the tissue culture plate using 5 mM EDTA at 37°C for 10 min. Cells were collected using PBSϩϩ and washed three times with serum-free media buffered with 25 mM HEPES (SF-HEPES media). Cells were counted using a hemocytometer, and 600,000 cells/ml were resuspended in SF-HEPES media and incubated at 37°C for 10 min. Serial dilutions of calcein-AM-loaded cells were added in parallel with samples to a matrix-coated 96-well plate. Sample wells received 30,000 cells/well plus CXCL12 (2.5 nM) or no treatment. The cells were incubated at 37°C for 1 h in a 10% CO 2 incubator and then rinsed three times with PBSϩϩ. The number of adherent cells was quantified by measuring fluorescence (excitation: 485 nm; emission: 535 nm) for 1 s using Victor Wallac (Perkin-Elmer, Waltham, MA) and calculated from the standard curve. In separate assays, intracellular calcium was chelated using 10 M BAPTA-AM loaded simultaneously with the calcein-AM. To neutralize integrin functions, 5 g/ml of hamster anti-rat ␤1-integrin or, as a control, hamster IgM isotype antibodies were included during 10-min pretreatment and during the assay.
Cell-spreading assay. IEC-6 cells were cultured and serum starved as defined in the adhesion assay. Cells were removed from the 10-cm dish using 5 mM EDTA for 10 min at 37°C and collected with PBSϩϩ. Cells were washed three times with SF-HEPES media, counted, and resuspended to 300,000 cells/ml. The cells were incubated 20 min at 37°C in the presence of 2.5 nM CXCL12, 50 ng/ml EGF, or left untreated as a control. Matrix-coated 96-well plates were prepared by placing 50 l PBSϩϩ containing specific treatments into the wells and incubating at 37°C in a 10% CO 2 incubator to buffer the PBSϩϩ. Fifteen thousand cells/well were added to the buffered PBSϩϩ solution and incubated 45 min at 37°C in 10% CO2. Nonadherent cells were decanted, and adherent cells were fixed with 2% (wt/vol) paraformaldehyde. Photomicrographs were taken using a Nikon Eclipse Ti (Nikon Instruments, Melville, NY) inverted microscope and a ϫ200 objective. The area of 50 cells/well was measured using the NIS-Elements AR 3.10 software package.
RT-PCR analysis. Total RNA was isolated using the Trizol Reagent (Invitrogen) and precipitated before DNAse1 treatment to remove any contaminating DNA. A sample (2 g) of total RNA was converted to cDNA using SuperScript III reverse transcriptase (Invitrogen) and random hexamers (Fermentas, Glen Burnie, MD). PCR was performed with primers listed in Table 1 to amplify RNA transcripts specific for integrin subunits. Reactions and conditions for ␤-actin amplification were completed as defined previously (18) . Cycling conditions were as follows: single-step denaturation at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 56 -63°C for 30 s, extension at 72°C for 30 s, then final extension at 72°C for 7 min. PCR amplicons were resolved in a 1.2% agarose gel, visualized with eithidium bromide and photographed.
Flow cytometric analysis of active-␤1-integrin. Approximately 2 ϫ 10 6 Caco2-BBe cells were grown for 24 h in 10-cm dishes followed by a 24-h serum starvation. Cells were rinsed with calcium-magnesium-free PBS and released from tissue culture dishes using 10 mM EDTA for 15 min at 37°C. Cells were collected by centrifugation and rinsed three times with PBSϩϩ and resuspended in serum-free media. The cells were treated and incubated 1 h at 37°C with gentle agitation. Maximal ␤1-integrin activation was chemically induced by addition of 1 mM MnCl2. Cells were transferred to fluorescence-activated cell sorting tubes, centrifuged, and washed in PBSϩϩ/ 0.5% (wt/vol) BSA. Cells were incubated 1 h at 37°C with mouse anti-human active-␤1-integrin-conjugated phycoerythrin antibody and washed three times in PBSϩϩ/BSA solution. Cells were resuspended in ice-cold PBSϩϩ containing 1.25 g/ml 4,6-diamidino-2-phenylindole and analyzed on a BD-LSR II flow cytometer (BD Biosciences, San Jose, CA). Cells were gated on the live cell population, and the mean fluorescence intensity was determined for each treatment.
shRNA construction. shRNA targeting rat ␣3-integrin was designed, and viral particles were generated using the LentiLox 3.7 (LL3.7) system (Addgene, Cambridge, MA). Rat-specific ␣3-integrin shRNA oligonucleotide sequences were: 5=-tGCTACATGATTCAGCGGAAttcaagagaTTCCGCTGAATCATGTAGCtttttggaaac-3= and 5=-tcgagtttccaaaaaGCTACATGATTCAGCGGAAtctcttgaaTTCCGCTGAATCATGTAGCa-3=. Oligonucleotides were annealed and cloned into the HpaI/XhoI digested pLL3.7-green fluorescent protein (LL3.7-GFP) expression vector. Plasmid orientation was verified by PCR and DNA sequencing. A plasmid stock containing a puromycin selectable shRNA specific for rat and human ␣6-integrin (RHS3979 -9624958) in the pLKO.1 backbone was obtained from Open Biosystems (Huntsville, AL).
Lentiviral production. Control LL3.7 or LKO.1 plasmids separately encoded an empty or scrambled sequence. Control and rat-specific 
sh␣3-integrin LL3.7 vectors or sh␣6-integrin pLKO.1 vectors were individually transfected with the accessory plasmids, pVSVG, pREV, and pRRE, into HEK293T cells using TransIT-293 transfection reagent (Mirus, Madison, WI) as previously described (1).
Cell migration and live cell imaging. Wild-type or stably transduced IEC-6 cells were cultured in 60-mm dishes until confluent and then serum starved for 24 h. Monolayers were wounded with a sterile razor blade and incubated in serum-free medium alone or with the indicated stimuli for 18 h at 37°C, as described previously (1, 43, 56) . Six photomicrographs per wound were obtained using ϫ100 magnification, and migration was determined by counting the cells that crossed the wound edge. Caco2-BBe cell migration was assessed similar to that described for IEC-6 cells with the following modifications: functional blocking or isotype control antibodies were included at 10 g/ml with varying treatments, photomicrographs were captured after 20 h, and quantified by measuring the total area covered by the epithelial sheet from the wound origin. Live cell imaging of wild-type and sh␣3-integrin-depleted IEC-6 cells was completed by placing wounded monolayers immediately into a stage-mounted incubation system with flowmeter INU-NI-FI (Tokai Hit) atop a Nikon Eclipse Ti microscope. The environment achieved with this system is 37°C, 5% CO2, 21% O2, and 74% N2. Photomicrographs were obtained every 30 min for 18 h, creating an image sequence that was converted to .avi format for analysis in Image J (NIH) software running the MtrackJ macro to track cell migration of 10 leading-edge cells per sequence. Linear distance was determined from cell origin. Linear persistence was determined by calculating the ratio of linear migration to total cell migration (38) .
Immunoblot analysis. Wild-type and lentiviral-transduced IEC-6 cells used as the unstimulated controls during the migration assays were solubilized in modified RIPA buffer [50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 0.25% (vol/vol) sodium deoxycholate, 1.0% (vol/vol) NP-40, 0.1% (vol/vol) SDS, and 1 mM EDTA] supplemented with Protease Inhibitor Cocktail Set III (EMD Biosciences, San Diego, CA) and 10 mM sodium orthovanadate, 40 mM ␤-glycerolphosphate, and 20 mM sodium fluoride phosphatase inhibitors as defined previously (1). Densitometric analysis was performed using a FluorChem HD2 (Cell Biosciences, Santa Clara, CA) and AlphaView 3.2.4.0 software to quantify protein levels.
Statistical analysis. Differences between wild-type, transfection controls, and shRNA integrin-depleted cells as well as multiple stimulations were analyzed using a one-way ANOVA with a Dunnet's post hoc analysis (GraphPad Prism 4, La Jolla, CA). Multiple comparisons between groups were analyzed using a two-way ANOVA with a Bonferroni post hoc analysis used to identify pairwise differences (GraphPad Prism 4). Statistically significant differences between control and ␣3 knockdown cell migration rates were determined using an unpaired t-test. Statistical significance was set at P Յ 0.05.
RESULTS
CXCL12 stimulation increases adhesion and spreading on laminin.
Our previous data suggest a preferential activation of laminin-specific integrins by CXCL12 (1). Integrin activation can be indirectly assessed by measuring cellular functions such as adhesion and spreading. Using these assays, we tested the effect of CXCL12 stimulation on cells cultured on laminin and collagen IV, the two predominant ECM proteins of the intestinal basement membrane (6, 7, 36, 46, 57) . Cell adhesion was significantly increased on both laminin and collagen IV compared with BSA-treated control wells (Fig. 1A) . CXCL12 significantly enhanced the observed increase in adhesion to laminin while having little, to no, effect on adhesion to collagen (Fig. 1, A and C) . After initial adhesion, cells flatten or spread by extension of lamellipodia. Cell spreading, analyzed as a complementary functional test of integrin signaling, revealed that IEC-6 cells seeded to laminin were significantly larger than cells on collagen IV (Fig. 1B) . In addition to the increase in adhesion, CXCL12 preferentially promoted cell spreading on laminin compared with collagen IV (Fig. 1, B and  D) . As shown in Fig. 1B , collagen IV did not prevent or otherwise limit cell spreading, as EGF was still able to promote increased cell spreading, as noted previously (4) . These data demonstrate that CXCL12 stimulation leads to functional activation of laminin-specific integrins.
Intracellular calcium regulates CXCL12-stimulated cell adhesion and spreading. We have established that CXCL12-increased migration on laminin is dependent on intracellular calcium (1). On the basis of those findings, we postulated that CXCL12-stimulated adhesion and spreading were likewise regulated by receptor-mediated mobilization of intracellular calcium. To test this notion, we employed the intracellular calcium chelator BAPTA-AM, at a concentration we have previously shown to block CXCL12-induced migration (1). Chelation of intracellular calcium abrogated CXCL12-stimulated cell adhesion to laminin while having little impact on basal adhesion (Fig. 2A) . CXCL12-increased cell spreading on laminin was similarly blocked by BAPTA-AM (Fig. 2B) . Moreover, in contrast with CXCL12 and as demonstrated in Fig. 2B , EGF-stimulated cell spreading was minimally affected by calcium chelation. Combined, these data show that CXCL12-evoked inside-out integrin activation is dependent on intracellular calcium.
CXCL12 stimulation activates ␤1-integrins. CXCL12 stimulation has been shown to activate multiple integrin heterodimers during immune cell trafficking (29, 53, 54) . Within the gastrointestinal mucosa, the predominant integrins contain the ␤1-or ␤4-subunit. The ␤1-subunit complexes with multiple ␣-subunits, conferring different ligand specificities (Fig. 3A) . Using RT-PCR, we confirmed transcript expression within model rat IEC-6, as well as human Caco2-BBe, T84, and HT-29 intestinal epithelial cell lines. In particular, mRNA transcripts for laminin binding integrin subunits-␣3 and -␣6 were expressed by each of the cell lines analyzed (Fig. 3, B and  C) . The laminin-binding integrin-␣7 was detected solely in Caco2-BBe cells (3) . Transcripts for integrin subunits-␣1, -␣2, and -␣11, which primarily bind collagen isoforms (66) but which may also engage laminin, albeit, with lower affinity (17), were also detected. Expression of fibronectin-binding subunits-␣5 and -␣V were detected in each of the cell lines, whereas the ␣8-subunit was not expressed (data not shown).
Given the consistent expression of the ␤1-and ␤4-integrin heterodimeric binding partners, we next tested whether ␤1-integrin functional blockade modulated cell adhesion. IEC-6 cell adhesion to both laminin and collagen IV was significantly decreased when cells were pretreated with 5 g/ml anti-rat ␤1-integrin, whereas the same concentration of isotype matched irrelevant antibody had little effect compared with untreated cells (Fig. 3D) . Using a previously characterized monoclonal antibody specific for the active confirmation of the human integrin (33, 35) , we demonstrated that CXCL12 stimulation increased surface levels of active ␤1-integrin (Fig. 4) . These data indicate that CXCL12-induced integrin activation is not limited to cells of hematopoietic lineage.
Basal cell migration is decreased after ␣3-integrin depletion. Given that ␤1-integrin neutralization globally reduced cell adhesion, we next sought to alter ␣-integrin function to specifically address the role for CXCL12-mediated cellular functions. We first chose to deplete the endogenous level of the ␣3-integrin subunit in IEC-6 cells to specifically dissect the role of CXCL12-mediated cellular functions. For this we used lentiviral-mediated delivery of shRNA specific for the ␣3-integrin subunit. As demonstrated using a GFP-shRNA vector, IEC-6 cells were equally transduced with lentiviral particles expressing sh␣3-integrin, a scrambled sequence, or empty vector (Fig. 5A) . Immunoblot analysis showed significant 60 -70% depletion of endogenous ␣3-integrin protein (Fig. 5, B and C) . Levels of the heterodimeric binding partner, ␤1-integrin, and the collagen IV-specific ␣1-integrin were unchanged following ␣3-integrin knockdown.
Using live-cell imaging, we found that basal migration in cells depleted of ␣3-integrin was significantly reduced compared with wild-type cells starting 5 h after wounding, whereas the epithelial sheet integrity was little, if at all, altered (Fig. 6,  A and B) . To further characterize the difference in migration, we next analyzed directional movement of cells within the epithelial sheet. Consistent with the changes in migration, knockdown of ␣3-integrin perturbed the directional migration of those cells compared with wild-type IEC-6 cells, which were more linear (Fig. 6, C and D) . Calculation of migration linear persistence revealed that wild-type cells migrated with significantly greater directional persistence than sh␣3-integrin IEC-6 cells (Fig. 6E ). In particular, we noted that, although migration distances were statistically different after 5 h, marked alterations in linear persistence was detectable as early as 2.5 h. Thus the laminin receptor provides a specific cue for directional movement in collective cell migration.
Using a complimentary approach, we found that decreased basal migration could not be recovered by either of the restitution-inducing stimulants CXCL12 or TGF-␤1 (Fig. 7, A and  B) . Immunoblot analysis revealed that the lack of migration from CXCL12 stimulation was not due to reduction of its cognate receptor CXCR4 (Fig. 7C) . However, TGF␤R1 protein levels were significantly reduced in the ␣3-integrin-de- pleted cells (Fig. 7, C and D) . Analysis of apoptosis in ␣3-subunit-depleted cells indicated that the reduction in basal cell migration was not attributable to alterations in cell death in knockdown and wild-type cells (Fig. 7E) . Together these data demonstrate that ␣3-integrin is utilized for basal and inducible cell migration and also implicate ␣3-integrin in the regulation of TGF␤R1.
CXCL12-stimulated migration is diminished in ␣6-integrindepleted or functionally blocked cells. In agreement with the consistent expression of a second laminin binding receptor (Fig. 3) , a puromycin-selectable shRNA vector was used to significantly deplete ␣6-integrin in IEC-6 cells (Fig. 8, A and  B) . Expression of the ␣6-integrin-binding partners, ␤4 and ␤1, as well as the collagen IV-binding ␣1-subunit, were unaffected by lentiviral transduction or ␣6-integrin knockdown (Fig. 8, A  and B) . In contrast to ␣3-depleted cells, knockdown of ␣6-integrin did not demonstrably effect TGF␤R1 expression (Fig.  8A) . Basal migration of ␣6-integrin-depleted IEC-6 cells was minimally, if at all, altered. However, CXCL12 was unable to elicit migration in ␣6-integrin knockdown cells (Fig. 8, C and  D) . This effect of ␣6-integrin depletion revealed that CXCL12 stimulation specifically utilizes this laminin-binding integrin to promote enhanced migration because TGF-␤1-stimulated migration was unaffected. To complement these findings, we extended our investigation to investigate laminin-receptor signaling in human Caco2-BBe cells. As shown in Table 2 , we determined that a neutralizing monoclonal antibody to ␣6-integrin significantly blocked CXCL12-induced migration. Consistent with IEC-6 knockdown cells, neutralization of ␣6-integrin specifically blocked chemokine-induced migration, with little, if any, change in basal or TGF-␤1-stimulated restitution (Table 2 ). These data suggest that CXCL12 activates integrins containing the ␣6-subunit, resulting in the augmentation of cell migration on laminin (1) .
Depletion of ␣3-or ␣6-integrins blocks CXCL12-induced cell spreading. Returning to the cell-spreading assay, we next sought to determine whether laminin-specific integrin depletion would affect integrin-mediated functions. The ability of cells to spread following attachment to laminin matrix was unchanged following depletion of either the ␣3-integrin or ␣6-integrin. In agreement with the marked inhibition in CXCL12-stimulated migration, spreading of chemokine-treated cells was abolished in ␣3-integrin or ␣6-integrin knockdown cells (Fig. 9 ). This response was specific for CXCL12, as addition of EGF significantly increased cell area. Both CXCL12 and EGF significantly enhanced cell spreading of GFP-scrambled or pLKO-scrambled control cells, indicating that gene delivery did not affect inducible cell spreading (Fig. 9, E and F) . Together these data suggest that CXCL12 activates both ␣3-and ␣6-containing integrin heterodimers to promote cell spreading.
DISCUSSION
Directed collective cell migration is required for proper organogenesis, wound repair, and disease progression (50). , and GFP-sh␣3 integrin (solid bar) IEC-6 cells confirmed significant depletion of TGF␤R1 in GFP-sh␣3 integrin cells. Data are expressed as relative TGF␤R1 levels normalized to the GAPDH loading control from 7 different immunoblot analyses. Asterisk denotes statistically significant difference from WT cells (*P Յ 0.05). E: caspase 3/7 activity in WT, GFP-Mock, GFP-scrambled, and GFP-sh␣3 integrin IEC-6 cells was assessed using a luciferase-based assay. Gliotoxin (2 g/ml) treatment was used to induce cell death, whereas zVAD (10 g/ml), a pan-caspase inhibitor, confirmed that gliotoxin-induced cell death was the result of caspase activity. Values are means Ϯ SE of 3 individual experiments.
Extra-and intracellular signals are thought to cooperatively organize cellular sheet migration. In leukocytes, outside-in and inside-out signaling can be evoked by various stimuli, including ECM proteins, cytokines, or chemokines, and results in altered affinity states of cell surface integrins. Epithelial cells also require the ability to modulate the affinity of integrins based on spatial and temporal cues to elicit adhesion, flattening, and migration. However, thus far, intestinal restitution studies have focused largely on migration-inducing effectors (1, 4, 12, 15, 41, 43, 45, 56, 61) or matrix proteins (4, 51) . With this report, we have shown that the restitution-inducing stimulant CXCL12 enhances restitution by orchestrating inside-out activation of laminin-specific integrins and demonstrated the importance of these integrins during cellular adhesion, spreading, and migration.
Dissection of integrin-ECM interactions within intestinal epithelial cells has shown differential spreading and migration on individual ECM proteins (4, 5) . Furthermore, EGF stimulation can modulate those functions through collagen-specific ␣1-and ␣2-integrins linking an extracellular cytokine with cellular adhesion responses (4, 51). Here we have expanded our understanding to include evidence that chemokine stimulation modulates integrin activation and functions. We previously demonstrated that the chemokine CXCL12 significantly increased migration of multiple model intestinal epithelia and that this stimulation could be further enhanced on laminin (1, 43, 56) . CXCL12 has been shown within other cell types to activate hematopoietic-restricted ␤2-integrins as well as several ␤1-integrins (25, 29, 53, 54) . In nonhematopoietic intestinal epithelial cells, we built upon that repertoire to establish that CXCL12 regulates adhesion and spreading on laminin receptors. Cell adhesion and spreading on collagen IV, which facilitated Caco2-BBe spreading after EGF stimulation (51), was unchanged by CXCL12. The differential responses mediated by growth factors and chemokines support a model in which different restitution-inducing motogens activate distinct subsets of integrin-matrix receptors.
In hematopoietic cell lineages, the intracellular signaling cascade of integrin activation has been linked with calcium as a key regulator (13, 24) . Release of intracellular calcium stores leads to activation of the small GTPase Rap1, which is neces- Wounded Caco2-BBe monolayers were stimulated with 3.75 nM CXCL12, 5 ng/ml transforming growth factor (TGF)-␤1, or left unstimulated in the presence of 10 g/ml ␣6-integrin functional blocking antibody (anti-␣6) or isotype control (rat IgG). Data are expressed as area of sheet migration from wound origin after 20 h of migration Ϯ SE from 4 individual experiments. *Statistically significant difference (P Յ 0.05) between no stimulation and motogen-treated monolayers within control, neutralizing antibody, or isotype antibody groups. †Statistically significant difference (P Յ 0.05) between CXCL12-stimulated monolayers treated with integrin-neutralizing monoclonal antibody (anti-␣6) compared to cells without antibody (none). sary and sufficient for the resulting integrin activation (9, 29, 54) . We have previously shown that CXCL12, as well as the inducible chemokine CCL20, both elicit restitutive cell migration dependent on intracellular calcium (1, 61) . CXCL12 evokes biological responses following binding to its cognate receptors CXCR4 and CXCR7, both members of the G proteincoupled receptor superfamily. G protein-coupled receptor signaling activates integrins through specific interactions between the cytoplasmic domains of the ␤-subunit and the intracellular scaffolding protein talin (11, 30, 64) . Consistent with our prior report, we demonstrated in this work that chelation of intracellular calcium ablated CXCL12-stimulated cell adhesion and spreading on laminin. However, cell spreading evoked by EGF, which has been shown to use ␣1-and ␣2-integrins (4), was unaffected by chelation of intracellular calcium, suggesting that an alternative, calcium-independent pathway was triggered. Our data suggest that chemokine-driven intracellular calcium mobilization elicits a similar Rap1 signaling pathway as a central regulator of intestinal epithelial cell activation of laminin-specific integrins.
To facilitate cell migration, integrins must be dynamic, cycling between active and inactive conformations. Direct detection of active integrins on hematopoietic cells by flow cytometry has proven to be a powerful method to determine the effects of various stimuli (24, 63) . Using a flow cytometric approach, we showed that CXCL12 stimulation led to increased active ␤1-integrins on the intestinal epithelial cell surface. Given the restricted specificity of the antibody, those Fig. 9 . Depletion of laminin-specific ␣3 and ␣6 blocks CXCL12-stimulated cell spreading. A and C: CXCL12-stimulated (2.5 nM) (solid bar) cell spreading was attenuated in GFP-sh␣3 integrin and pLKO-sh␣6 integrin expressing IEC-6 cells, whereas EGF stimulation (50 ng/ml) (hatched bar) was still able to evoke increased cell spreading. B and D: representative images of GFP-sh␣3 integrin and pLKO-sh␣6 integrin IEC-6 cells spreading on laminin. E and F: cell spreading was little affected by lentiviral gene transduction, as CXCL12-and EGF-induced functions remained intact in GFP-scrambled and pLKO-scrambled IEC-6 cells. Values are means Ϯ SE of 3-4 individual experiments. Asterisk denotes statistically significant difference from untreated cells (*P Յ 0.05, **P Յ 0.01). Scale bar ϭ 50 m. studies utilized the human Caco2-BBe cell line, a model previously used to define differential responses for cell adhesion, spreading, and migration during restitution (4, 5, 51) . Increased levels of active ␤1-integrin suggest that CXCL12 promotes epithelial restitution though inside-out integrin activation, akin to stable adhesion and diapedesis of leukocytes. Using neutralizing antibodies, we also demonstrated that blockade of ␤1-integrin has significant global effects, decreasing enterocyte adhesion to both laminin and collagen IV. This finding is consistent with previous reports in ␤1-null keratinocytes (22) and perinatal lethality evidenced from mice with targeted epithelial knockout of ␤1-integrin (28) . Our data suggest that chemokine-induced activation of ␤1-integrins in epithelial cells preferentially activates laminin-binding integrins.
Intestinal epithelial cells express integrin ␣-subunits that bind multiple ECM proteins including laminin, collagen, and fibronectin when heterodimerized with the ␤1-subunit. The ␣3-subunit pairs with the ␤1-subunit, whereas ␣6-integrin heterodimerizes with ␤1-or ␤4-subunits. Each integrin combination binds similar laminin isoforms, albeit with differing affinities, suggesting both functional redundancy and divergence (23, 34, 52, 58) . ␣3-Integrin knockout mice suffer neonatal death attributed to kidney and lung developmental malformations (31), whereas ␣6-or ␤4-integrin knockout mice survive to birth, dying shortly thereafter from a skin detachment syndrome mimicking human epidermolysis bullosa (20, 59 ). Because of the lack of animal models or functional blocking antibodies for rat integrins, lentiviral-mediated depletion of ␣3-and ␣6-integrins was used. The individual depletion of specific ␣-integrin subunits allowed us to decipher the laminin-binding subunit(s) activated by CXCL12. Baseline migration of unstimulated cells was dramatically inhibited in ␣3-integrin-depleted cells. Interestingly, the difference in cell migration reflected decreased linear persistence during migration. Although ␣3-integrins were shown to be involved in basal cell migration, restitution was not completely abolished, suggesting that a certain level of migration is facilitated by additional integrin-ECM interactions. Consistent with our findings, ␣3-integrin-null keratinocytes adhere to laminin but are unable to send out lamellipodia and spread (16) . Furthermore, stimulation with CXCL12 or TGF-␤1 did not rescue migration in ␣3-integrin knockdown cells, suggesting that subunit plays a more universal role in enterocyte migration. In contrast, genetic depletion or functional blockade of ␣6-integrin resulted in little, if any, change in basal sheet migration. Interestingly, these alterations to ␣6-integrin specifically blocked CXCL12-, and not TGF-␤1, stimulated migration. The inability of CXCL12 to elicit migration in either ␣3-or ␣6-integrindepleted cells may reflect the inability of those cells to spread when stimulated with CXCL12 following adherence to laminin. Cellular spreading machinery remained intact as EGF effectively increased spreading. Intriguingly, these data are the first to describe CXCL12 activation of laminin-specific integrins and suggest that ␣3-and ␣6-integrins elicit both overlapping and distinct functions on laminin.
Wound healing is promoted by multiple stimulants; however, a link between these motogen surface receptors and integrins has not been demonstrated. We found that depletion of ␣3-integrin within intestinal epithelial cells resulted in reduced levels of TGF␤R1, implicating integrins in the regulation of TGF-␤ signaling. This reduction of TGF␤R1 may explain why ␣3-integrin-depleted cells had reduced basal migration, consistent with the notion that TGF-␤ plays a key role in basal and induced wound repair (12, 49) . Alternatively, although in silico analyses indicated that the sequence was unique for ␣3-integrin, the short hairpin used may have offtarget effects within the TGF␤R1 transcription and translation pathway. Interestingly, other integrin subunits have been linked to TGF-␤ receptor expression (49, 62) . Thus crosstalk between integrins and TGF-␤ signaling likely participate in intestinal wound repair. Intestinal wound healing occurs within a complex in vivo environment, which requires coordination of signals from various stimuli to the receptors binding the ECM. Our data reveal that chemokines promote restitution using alternative signaling pathways to TGF-␤1 or EGF, signaling through calcium to lead to heightened function of specific integrins. Chemokines have long been known to activate integrin receptors during leukocyte chemotaxis and cell-cell adherence during immune responses; we have shown here that laminin-specific integrins activated by the chemokine CXCL12 coordinate injury repair of adherent intestinal epithelial cells. 
